Recently, a high-energy neutrino event IceCube-170922A in the spatial and temporal coincidence with the flaring γ-ray blazar TXS 0506+056 was reported. A neutrino outburst between September 2014 and March 2015 was discovered in the same direction by a further investigation of 9.5 years of IceCube data, while the blazar is in a quiescent state during the outburst with a gamma-ray flux only about one-fifth of the neutrino flux. In this letter, we propose the neutrino outburst originates from the interaction between a relativistic jet and a dense gas cloud which may be formed via the tidally disrupted envelope of a red giant being blown by the impact of the jet. Gamma-ray photons and electron/positron pairs that are produced correspondingly will induce electromagnetic cascades. Comptonization of the cascade emission inside the cloud forms a X-ray photon field with Wien distribution. GeV flux is suppressed due to the absorption by the Comptonized photon field and, as a result, a hard spectrum above 10 GeV is formed. The gamma-ray spectrum predicted in our model is consistent with the Fermi-LAT data of TXS 0506+056.
Subsequently, the analysis of historical IceCube data independently shows a 3.5σ excess of high-energy neutrinos from the same position between September 2014 and March 2015 [12] . Curiously, during this neutrino outburst, the electromagnetic emissions from radio to gamma-ray band of TXS 0506+056 are in the low state. We can infer from such a phenomenon that the jet luminosity is probably not enhanced during the outburst, so the neutrino outburst must be due to the increase of the efficiency of hadronic interactions (but see [15] which proposes the neutrinos can come from a nearby blazar PKS 0502+049). In addition, lack of a strong radiation of this source during the neutrino outburst may favor a hadronuclear origin of the neutrinos over a photohadronic origin [13] . On the other hand, the luminosity of gamma rays above 0.1 GeV is only about one-fifth of the luminosity of neutrino between 32 TeV and 3.6 PeV [12] [13] [14] , while the gamma-ray flux generated in the hadronuclear process is supposed to be comparable to the neutrino flux. Although a hard proton spectrum might reproduce such a ratio between gamma-ray flux and neutrino flux, the hard spectrum is not consistent with the neutrino spectrum, unless a spectral break is assumed in the proton spectrum [37] . Thus, the key and the difficulty to explain the neutrino outburst is to reconcile the measured gamma-ray flux with the neutrino flux in this period.
Motivated by the measurements, in this letter, we study a jet-cloud/star interaction scenario for the neutrino outburst, in which a dense cloud enters the jet and provides additional targets for the hadronuclear interactions (or pp collision). Ref. [3] considered clouds in the broad line region (BLR) as targets for hadronuclear interaction. However, generally we do not expect there is a piece of cloud in the BLR with a much higher density than the average one, entering the jet and increasing the average interaction efficiency. Instead, we consider a scenario that the cloud originates from the tidally disrupted envelope of red giant (RG), which moves to the vicinity of the SMBH, being blown by the jet [17] . We calculate the hadronuclear interactions between cosmic ray protons and the dense gas in the cloud as well as the induced electromagnetic (EM) cascade by the produced secondary photons and electron/positron pairs. The predicted gamma-ray and neutrino flux will be compared to the measured one.
The requirements of the Cloud-The duration of neutrino outburst from the direction of TXS 0506+056 is t b = 110 +35 −24 days for a Gaussian time window analysis and t b = 158 days for a box-shaped time window analysis [12] . The jet-crossing time of the cloud t jc should be comparable to the duration. Therefore, by assuming the velocity of the cloud orbiting the SMBH as the Keplerian velocity, the required jet-cloud interaction height from SMBH can be found by t jc = t b , i.e.,
where θ is the jet semi-opening angle, M BH,9 = M BH /10 9 M ⊙ (hereafter a notation x/10 Q = x Q is used for a conventional expression in c.g.s. units). One possible origin of the cloud is from a RG, whose external layers are far less gravitationally bound to the stellar core [17] . As a result, the envelope of an RG would suffer significant tidal disruption when the RG passes by the vicinity of an SMBH, and a significant mass > 10 30 g can be unbind from the stellar core [18] [19] [20] [21] [22] [23] . At the height z jc from SMBH, the RG could lose its outer layers with radius beyond R
RG,⊙ cm when it penetrates into the jet. For a solar-mass RG, the radius can be up to a few hundreds of the solar-radius R ⊙ , so one has R RG ∼ R T RG which corresponds to the "weak tidal interaction" case [17] . Under this situation, the blown envelope of RG is still roughly spherical [19] , serving as the required cloud for hadronuclear interactions. The jet-cloud interaction results in a forward shock sweeping through the cloud and heating it up. The cloud then would significantly expand to one order of magnitude larger at its sound speed c s through the mediation between its thermal pressure and the jet pressure. For a jet with a luminosity L j and Lorentz factor Γ j interacting with a spherical cloud with a radius r c and a number density n c at a height z jc , by equating the cloud thermal pressure to the jet ram pressure (regardless of the effect of the magnetic field), i.e.,
s , the shock speed v s can be given by [31] 
as long as v s ≪ c, where χ = n c /n j (Γ j − 1) is the density ratio of the cloud to the jet. The density of the jet can be estimated to be
, where R j = θz jc is radius of transverse section of the jet at height z jc . Therefore, the shock crossing time of the cloud is t s = 2r c /v s ≃ 6 × 10 6 r c,15 n 1/2 c,11 θ −1 z jc,17 L −1/2 j,47 s. Note that hydrodynamic instabilities such as the Rayleigh-Taylor (RT) and Kelvin-Helmholtz (KH) instabilities could deform the cloud and mix the materials of the cloud into the jet flow [24, 31] . Nevertheless, the cloud material still provides a huge amount of targets for hadronuclear interaction and enhances its efficiency, until the cloud material is well mixed into the jet and move with the jet to a larger distance where the jet section is larger and hence the gas density is smaller. According to the numerical simulation in [24] , both the cloud drag time which is the time needed for accelerating the cloud and the cloud mixing time are several times of t s , i.e., 10 7 s, given the density contrast between the cloud density and jet density considered here.
Such a hydrodynamical evolution is quite complicated and a detailed discussion is beyond the scope of this work. However, the estimation above for relevant timescales make it plausible to consider that a dense cloud can exist and provide the targets for effective pp collisions in a timescale consistent with the neutrino outburst duration. Thus, for simplicity, we consider CRs that accelerated in the jet penetrate into a spherical cloud with a radius of r c = 5 × 10 14 cm and a gas density of n c = 10
(see Fig. 1 ), supplying a high gas column density N H ≃ n c r c ≃ 5 × 10 25 cm −2 . The total mass of the cloud can be found by M c = 4πr
c,14.7 n c,11 g, which can be achieved if the jet's kinetic luminosity is large and the tidal encounter is strong [20, 22] . Protons could be accelerated to the very high energies in the relativistic jet by some dissipation processes, such as internal collisions between different parts of the jet due to the velocity inhomogeneity, or via the internalcollision-induced magnetic reconnection and turbulence mechanism [25] . The characteristic cooling timescale for pp collision in the jet comoving frame is
where Γ j is the bulk Lorentz factor of the jet, and σ pp is the cross section of pp collision. The dynamical timescale is t
By comparing two timescales, we can see CR protons lose almost all their energies to secondary particles through pp collision due to the high gas density of the cloud.
Comptonization of X-rays in the Cloud-EM cascades will be initiated by high-energy gamma rays and electron/positron pairs generated in pp collision. The electron/positrons generated in the cascades give rise to a strong UV/X-ray emission, and the cloud will be fully ionised by the the cascade emission (see the Supplement of [3] ). Assuming the mean number density of ionised electrons is the same as that of protons, i.e., n e = n c , the averaged optical depth due to Compton scattering of electrons is τ eγ = r c n e σ T ≃ 33r c,14.7 n c,11 .
Obviously, the cloud is optically thick to the X-ray photons. Only a fraction of ∼ 1/τ eγ of the cascade emission can escape the cloud without being scattered. Most of emitted photons will experience multiple scatterings (∼ τ 2 eγ ∼ 1000 times) inside the cloud and becomes isotropized. Such an angular effect of cascade emission may be crucial to reduce the X-ray flux in the line of sight to a consistent level with the measured one (also see [2, 3] ). On the other hand, a large amount of scatterings will lead to Comptonization of the cascade emission. Energy will be redistributed between photons and electrons and the emergent photon spectrum can be approximated by a Wien distribution at the high frequency end [29, [33] [34] [35] [36] ,
where the factor C is a constant related to the production rate of the photons and T e is the temperature of thermal electrons. Such a photon field will in turn influence the EM cascade process so the value of C and T e is important to the result. The production rate of photons is basically determined by the luminosity of the cascade radiation, which essentially originates from the energy lost by protons in hadronuclear interaction. Given the isotropic-equivalent luminosity of all-flavor neutrino to be 1.2×10 47 erg/s in the range of 32 TeV-3.6 PeV, the beaming corrected luminosity is about 1/Γ 2 j times smaller, i.e., 7.5 × 10 43 erg/s with Γ j = 20. To explain the neutrino flux, we need a proton injection with a power-law distribution of a spectral index around −2. Thus, proton energy in each decade is more or less the same, resulting in a bolometric neutrino luminosity of 2 × 10 44 erg/s. Considering that neutrinos carry about half of the energy lost by protons in pp interactions, the luminosity of the cascade which is initiated by absorbed secondary gamma rays and electron/positron pairs should be around L cas ≃ 10 44 erg/s. Assuming the Comptonized photon field reach a (quasi-)steady state, i.e., the emission rate equal to the energy input rate, we can find the parameter C by π 4πr
if T e is given. The electron temperature immediately behind the shock front is m p v 2 s /3k ≃ 4 × 10 8 K (given the high density and high temperature, the time for proton and electron reaching equilibrium via Coulomb collision is extremely short, so we assume proton and electron has the same temperature). The temperature may decrease during the expansion of the cloud. On the other hand, CR protons continuously enter the cloud and produce 
FIG. 2:
The predicted photon flux (solid curves) produced by secondary electromagnetic particles generated in pp collision and the corresponding neutrinos flux (dashed curves). The blue curves are for an electron temperature of Te = 10 7 K in the cloud with spetral index of s = 2 of for the injected CR protons, while the magenta ones are for Te = 3 × 10 7 K and s = 1.8. The purple shaded region represents the uncertainty of observed neutrino flux and the grey region represents the X-ray flux in archival data. The black data points are gammaray flux during the neutrino outburst analysed by [14] and the red ones are analysed by [13] . The blue dotted curve represents the photon flux before the absorption by EBL and the Compton scattering by thermal electrons in the cloud. For the case of Te = 10 7 K and s = 2, the injected CR proton luminosity is Lp = 1.6×10 44 erg/s, while Lp = 1.2×10 44 erg/s for the case of Te = 3 × 10 7 K and s = 1.8. In both two cases, other parameters are the same, i.e., E gamma-ray photons and electron/positron pairs which will initiate cascades. Given a magnetic field of 100 G in the cloud, the average energy of cascade photons is around 100eV, corresponding to 10 6 K if the energy distribution is thermal. The energy density of the cascade photon field is comparable to or larger than the thermal energy density of the gas in the cloud for T e ≤ 10 8 K. Thus, we do not expect the electron temperature will drop below 10 6 K.
pp collisions and the cascade emission-A fraction of CR protons can enter the cloud and interact with the gas in the cloud. Given a total CR proton luminosity L p,tot , and the ratio of the cloud section to the jet section to be (r c /R j ) 2 = 2.5 × 10 −3 , the injected CR proton luminosity is L p = 2.5 × 10 −3 L p,tot . Assuming the injected CR protons follow a power-law distributionṄ
in the jet comoving frame, we can obtain the normalization factor A by
s is the spectral index and the cutoff energy in the jet comoving frame E ′ p,max is fixed to be 10 16 eV. The spectrum of secondary particles generated in pp collisions are calculated by following the semianalytic method in [26] . The produced high- energy photons and electron/positron pairs will initiate EM cascades in the cloud via the synchrotron radiation, bremsstrahlung, the inverse Compton (IC) scattering and γγ annihilation. The photon number of the Comptonized radiation field can be estimated by
c,14
e,7 cm −3 .
(7) resulting in an optical depth of τ γγ ≃ σ γγ n Comp r c ≃ 10 where σ γγ ≃ 10 −25 cm −2 is the peak cross section of the γγ annihilation process. The detailed treatment of cascade emission can be found in previous literature, e. g., [3, 27, 28] .
The cascade emission in optical to X-ray band will be scattered via the Compton scattering by thermal electrons. The optical depth of is τ eγ ≈ 33 in Thomson regime and the flux after scattering should be multiplied by a factor of (1 − e −τeγ )/τ eγ . In the numerical calculations, a full cross section of Compton scattering including the Klein-Nishina effect is taken into account [29] . Besides, the very high-energy photons with energies above 100 GeV will be attenuated significantly due to the absorption on the extragalactic background light (EBL) by a factor of e −τEBL . The employed EBL model here is based on [30] .
Our results are shown in Fig. 2 . The blue solid curve represents the predicted photon flux with the cloud temperature of T e = 10 7 K and an injection spectral index of s = 2 for CR protons. There is a dip in the spectrum around 0.3 GeV due to the absorption by the Comptonized photon field. The absorption leads to a hardening of the spectrum above the 0.3 GeV. The blue dashed curve shows the muon and anti-muon neutrino flux assuming a flavor ratio of 1 : 1 : 1 after oscillation. The blue dotted curve shows the photon flux without Compton scattering and without EBL absorption for reference. The results with T e = 3 × 10 7 K and p = 1.8 are shown with magenta curves. Comparing the magenta curves with blue curves, we can see the position of the dip shifts to smaller energy with a higher temperature since the average photon energy of the Comptonized radiation is higher, while the dip is shallower with a higher temperature due to the photon number density is smaller given the same energy density. We also plot the Fermi-LAT data analyized by [14] and by [13] in the figure. The predicted fluxes in these two cases are consistent with the observation above ∼ 3 GeV. Our model predicts a smaller flux than the observation below ∼ 3 GeV. We speculate that the emission below ∼ 3 GeV arises from another emission zone with a leptonic origin which is similar to with the case in the hadronuclear interpretation of the neutrino event IC-170922A [3] . As we mentioned earlier, the neutrino outburst is due to the increase of the target density for neutrino production rather than the activity of the SMBH, so the leptonic emission does not increases since the jet power does not increase in our model. Thus, our prediction is consistent with the fact that <GeV emission from the source is in low state while > 10 GeV emission seems to show a brightening during the period of the outburst [13, 14] . The required luminosity of CR protons injected into the cloud is L p ≃ 10 44 erg/s, which translates to a total luminosity of CR proton in the jet to be (5 − 6) × 10 46 erg/s. It is smaller than the Eddington luminosity L Edd ≃ 1.3 × 10 47 M BH,9 erg/s of a 10 9 M ⊙ SMBH, in accordance with the fact that the source is in the quiescent state during the neutrino outburst.
We also tried a higher temperature with T e = 10 8 K and a lower temperature with T e = 10 6 K. However, the GeV flux overshoots the absorption in the former case while the > 10 GeV flux is significantly lower in the latter case, if the same L cas (≃ 10 44 erg/s) is adopted. To make the predicted flux consistent with the observation, L cas is required to be ∼ 10 45 erg/s in the former case and ∼ 10 43 erg/s in the latter case. Note that the Comptonzied radiation field also provides target photons for the photomeson process. However, given a γγ opacity of ∼ 10, the efficiency of the photomeson interaction is of the order of 0.01. Although the radiation field can permeate the entire jet section and interact with all the CR protons in the jet which is (R j /r c ) 2 times more than CR protons that enter the cloud, this factor is cancelled by the fact that the photon field density also decreases by a factor of (r c /R j ) 2 at the scale of the entire jet section. Thus, we can neglect the photomeson process.
Discussion-During the period of the neutrino outburst, the electromagnetic emission of TXS 0506+056 is in low-state. This leads us to consider a jet-cloud/star interaction scenario in which the outburst is due to the increase of the efficiency of hadronuclear interaction rather than the increase of the jet power. One difference of our model from the jet-cloud/star interaction model considered in some previous literature [16, 17, 31, 32] is that CR protons in our model are accelerated in the jet due to some dissipation processes instead of shocks generated in the jet-cloud interactions. In the latter case, the accelerated protons would be isotropically distributed in the source frame since the cloud is nonrelativsitc or sub-relativistic, so the resulting gamma-ray and neutrino emission will not be beamed into the line of sight and is much lower than the observed fluxes.
Our model predicts a dip in the gamma-ray spectrum which is due to the γγ annihilation by the Comptonzied cascade radiation. The temperature of the thermal electrons in the cloud is crucial to the position and depth of the dip. Typically, we expect the temperature of the thermal electrons to be 10 6 −10 8 K, leading to the energy of the dip in the range of 0.01 − 10GeV. Such an absorption can be utilized to test our model in the future if another neutrino outburst is discovered during the low state of a blazar. We expect a hardening in the spectrum beyond the dip energy which is already shown in this event, but the EBL absorption may eliminate the feature of the spectral hardening if the source is at high redshift and/or the electron temperature is relatively low (T e ∼ 10 6 K). On the other hand, we also expect a relatively high flux at ∼ 10 MeV which is in the detectable energy range of e-ASTROGAM, since the emission at this energy will not be absorbed by the Comptonized radiation (as long as T < 10 8 K) nor be isotropized by the thermal electrons (since the KN effect reduces the scattering cross section). The temperature of the electrons may be obtained through measuring the spectrum of the Comptonized radiation. The Comptonized radiation is isotropic with a total luminosity comparable to the neutrino luminosity. For TXS 0506+056, it results in a flux of the order of 10 −13 erg/cm 2 s in X-ray and is outshone by the nonthermal emission of the jet. However, the Comptonized radiation may be observable from nearby mis-aligned AGN if the jet-star/cloud interaction occurs, probably accompanying a brightening of the TeV emission. This may also serve as a test for out model in the future. 
